knowledge of this protein in plants has accumulated recently. The Arabidopsis AT-hook motif proteins consist of approximately 30 members and can be largely classified into two phylogenetic groups (Fujimoto et al., 2004) . Among them, the protein encoded by At4g12080 has been characterized as a nucleoplasm localized protein and called AHL1 (AT-hook motif nuclear localized protein 1) (Fujimoto et al. 2004) . From attempts to screen activation tagged lines for highly significant delays of leaf senescence and for suppressors of the long-hypocotyl phenotype of a weak phyB allele, ORE7 (At1g20900) (Lim et al. 2007) , and ESC and SOB3 (At1g76500) were identified (Street et al. 2008 ), respectively, all of which are members of the AT-hook motif proteins with very similar amino acid sequences; ESC is identical to ORE7 (hereafter AHL27/ORE7/ESC and AHL29/SOB3, respectively). AHL27/ORE7/ESC (Lim et al. 2007; Street et al. 2008) and AHL29/SOB3 (Street et al. 2008 ) are localized in the nucleus. Previous studies of these genes show that they function redundantly as negative regulators of leaf senescence (Lim et al. 2007 ) and as negative modulators of hypocotyl elongation (Street et al. 2008 ) when upregulated. Another close relative of AHL27/ORE7/ESC and AHL29/SOB3, AHL25 (At4g35390), named AGF1, was identified as a DNA-binding protein for the cisacting sequence of gibberellin-negative feedback (Matsushita et al. 2007 ). In Catharanthus roseus, the APETALA2-domain transcription factor ORCA3 is involved in the jasmonate-responsive activation of terpenoid indole alkaloid biosynthetic genes, and it has been suggested that an autonomous jasmonateresponsive element (JRE) within the ORCA3 promoter is bound by AT-hook motif proteins (Vom Endt et al. 2007) . As gibberellins and jasmonates are known to modulate metabolism, it is possible that up-regulation of genes encoding AT-hook motif proteins causes changes in metabolism. However, this has not been studied.
In our large-scale production of gain-of-function mutants with Arabidopsis full-length cDNA fragments under control of the 35S promoter, we up-regulated the AHL29/SOB3 gene in suspension-cultured cells of the Arabidopsis line T87. In this study, we characterized the transgenic cell lines for metabolic changes.
As the original RAFL cDNA clone for At1g76500 (RAFL15-12-P18) obtained from RIKEN BioResource Center (Tsukuba, Japan) was a chimeric clone at the 5Ј UTR region of the target gene (the coding region of a certain gene on chromosome 5 was fused in head-tohead direction), we modified the RAFL clone by replacing the original erroneous 5Ј region with the correct fragment amplified by RT-PCR. To build the corrected RAFL clone, the MunI-BglII digested fragment amplified with a pair of PCR primers, AThk1G7-0-c5 (5Ј-TATACAATTGCTCTGTTTTTGTC-GGCTTGT-3Ј) and AThk1G7-2-c3 (5Ј-CTCCAGAT-GAGACTTCAAGAACAT-3Ј), by KOD -Plus-Ver.2 (TOYOBO, Osaka, Japan) was ligated into the original RAFL clone digested with EcoRI-BglII. The sequence of entire cDNA region was verified. The corrected RAFL clone was consequently cloned into the Gateway-based binary vector pGWB2 (having the CaMV 35S promoter to drive the target) and Agrobacterium-mediated transformation of Arabidopsis T87 cells was performed, as described previously (Ogawa et al. 2008) . Twenty independent transgenic calli were isolated and subjected to northern analysis to confirm the up-regulation of the introduced gene. Preparation of T87 suspension cells, extraction of total RNA, and northern blot analysis were performed essentially as reported in Ogawa et al. (2008) . Ten-day-old cell cultures following two weeks of preculture (in 100-ml flasks containing 30 ml of liquid medium with hygromycin and meropenem) were used as samples for RNA extraction. RNA samples of transgenic and wild-type T87 calli were extracted using an RNeasy Plant Mini kit (Qiagen, Hilden, Germany). Probe DNA fragment was amplified with the full-length cDNA as a template, using a pair of oligonucleotides, 5Ј-TCCCTACTCTCGCGTTAACGCTAGC-3Ј and 5Ј-GTAACATCAGAGATTTTGAGACAC-3Ј. Labeling of the probes and hybridization were performed using AlkPhos Direct Labeling and Detection System with CDP-Star according to the instruction manual (GE Healthcare, Buckinghamshire, UK). Five transgenic cell lines expressing the gene highly ( Figure 1B) were used for further analysis. Our preliminary DNA array analysis (using Agilent Arabidopsis2 Oligo DNA Microarray; two-color procedure) utilizing KaPPA-View (Tokimatsu et al. 2005 ) suggested that many carotenoid biosynthetic genes were down-regulated in the transgenic lines. Thus, we subjected the cell lines to further analysis with metabolite changes.
We analyzed carotenoid contents of the transgenic cell lines using liquid chromatography coupled mass spectrometry ( Figure 2 , Table 1 ). Metabolites were extracted from 100 mg of frozen-stored cell samples with 5 volumes of a chloroform:methanol (3 : 1 [v/v]) solution by homogenization using a mixer mill (TissueLyser, Qiagen) at 25 Hz for 2 min twice. After centrifugation (ϳ18000ϫg, 15 min at 4°C), supernatant was recovered and stored following filtration with a 0.2-mm PTFE filter (Millipore, Billerica, USA). Residual debris was saponified with 300 ml of 1 M methanolic KOH at 60°C for 30 min in darkness, following vigorous agitation. After mixing the resultant solution with 500 ml of H 2 O, metabolites were extracted twice with 10 volumes of chloroform by vigorous agitation, followed by recovery and filtration as above. All of the filtrate was merged, evaporated to dryness, and the residue was re-dissolved in 150 ml of acetone and analyzed with ultraperformance liquid chromatography coupled with a quadrupole Timeof-Flight mass spectrometer (UPLC-Q-TOF/MS). Chromatography was carried out on an Acquity UPLC system (Waters, Milford, USA) with a diode array detector. Throughout chromatography, the eluate was monitored continuously from 210 to 500 nm (Resolution: 1.2 nm; Sampling Rate: 20 points s
Ϫ1
). An acetone extract (Injection volume: 5 ml) was applied to a Acquity UPLC BEH Shield RP18 column (2.1ϫ150 mm, 1.7 mm; Waters) at a flow rate of 0.3 ml min Ϫ1 , and the column oven temperature was set at 40°C. The sample was analyzed by a gradient elution schedule based on Iijima et al. (2008) with some modification as follows: 3% acetonitrile (solvent A) and acetonitrile (solvent B) used as the mobile phase, 80% B to 100% B (15 min), 100% B (15 min), 100% B to 80% B (1.5 min), and 80% B (2.5 min). The APCI setting was as follows: Corona current was 3 mA, source and desolvation temperatures for positive-ionization mode were 90 and 350°C, respectively, and nitrogen sheath gas flow rate was set at 600 liters h
. The peaks were identified by comparing their specific retention times and absorption spectra with authentic standards. Each carotenoid was quantified by measuring the peak area value at 450 nm using a standard curve of the authentic compound. Among the R. Sano et al. Peaks of carotenoids were identified using authentic standards. Each peak area at 450 nm was converted to a carotenoid amount (mg pigment g Ϫ1 fresh weight) using a standard curve of the authentic compound. The values for each individual line (single experiment) are shown and averageϮSD are calculated on the right. 1 Sum of two-peak area with adjacent (differenceϽ0.1 min) Rt and the same absorption spectra. 2 Amounts of chlorophyll a (Chl a) and b (Chl b) were estimated (mg pigment g Ϫ1 fresh weight) by specific absorbances of 80% acetone extract from T87 cells following the protocol reported by Lichtenthaler and Wellburn (1983). observed peaks of eight authentic standards described in Table 1 , lycopene and zeaxanthin could not be detected in any of the T87 cell lines examined. For the other six carotenoids-a-carotene, b-carotene, lutein, antheraxanthin, violaxanthin and neoxanthin-all but antheraxanthin were suppressed significantly (PϽ0.05) in the 35S: AHL29/SOB3 transgenic lines (Table 1) . In contrast, the chlorophyll content of the transgenic lines was not significantly different from that of control transgenic cells (Table 1) .
The suppression of carotenoid synthesis in 35S: AHL29/SOB3 T87 cells has several intriguing implications in light of previous studies on AT-hook motif proteins in plants. The gain-and loss-of-function experiments with AHL29/SOB3 and AHL27/ORE7/ESC suggest that they function as negative regulators of hypocotyl elongation in light (Street et al. 2008) (Lim et al. 2007 ). The analysis showed that among 1096 genes that exhibited at least a two-fold change in expression compared with wild type, 615 genes were downregulated and 481 genes were up-regulated. As our preliminary microarray experiments showed that transgenic lines over-expressing the close relative AHL29/SOB3 exhibited down-regulation of carotenoid biosynthetic enzyme genes, we searched the microarray results of Lim et al. (2007) for those genes. Among the carotenoid biosynthetic genes, only At3g10230 (LCYB for lycopene beta cyclase) was down-regulated at 0.39-fold, indicating a considerable difference from our microarray data for the T87 cells. As only data for gene expression changes over two-fold are available from their paper, however, we cannot rule out that other carotenoid biosynthetic genes are down-regulated less than two-fold in the over-expressing AHL27/ORE7/ESC plant. Alternatively, the over-expression of AHL29/SOB3 might function differently in some respects from that of AHL27/ORE7/ESC. Further study is needed to address whether these closely related genes have redundant effects on metabolism. In the AHL27/ORE7/ESC overexpresser, a reduction in activity of signaling pathways involving jasmonic acid, abscisic acid, ethylene, and salicylic acid was indicated (Lim et al. 2007 ). Further comparative study should help elucidate the function of AT-hook motif proteins in metabolism.
